Introduction
The Fricke dosimeter, based on the oxidation of Fe(II) to Fe(III) in acidic solutions, is widely used for the determination of the intensity of ionizing radiation, such as γ-rays, X-rays and electron beams. 1 A method based on the reduction of Ce(IV) to Ce(III), 1 a method using acidic dichromate solution, 2 and a method using ethanol solutions of chlorobenzene 3 are also used as chemical dosimetry systems for ionizing radiation. These chemical dosimetry systems provide a reliable and accurate method for quantitative measurements of radioactive sources at high total doses (more than 1 kGy). However, their sensitivity is so low that they cannot be applied to personal radiation dosage monitoring and environmental radioactivity monitoring.
Short-life-time reactive oxygen species and radicals, such as hydroxyl radicals, 4, 5 NO radicals, 6, 7 hydrogen peroxide, 8 and hydrate electrons, 8 are photochemically generated in environmental water by natural sunlight. The author and coworkers have investigated and described a determination technique for some reactive oxygen species and radicals. [4] [5] [6] [7] [8] For the determination of hydroxyl radicals, many chemical probe methods based on the determination of products formed by reactions between hydroxyl radicals and probe compounds have been reported. In these methods, benzene, 4,5,9 nitrobenzene, 10 benzoic acid, 11, 12 terephthalate, 13 2-propanole, 13 methanol 11 and dimethyl sulfoxide 14 were used as the probe compounds. The benzene probe method in which phenol formed from benzene and hydroxyl radicals is determined by HPLC is a simple, rapid, low-cost and highly sensitive method for determining the photochemical formation of hydroxyl radicals in environmental water. 4, 5, 9 The irradiation of aqueous solutions with ionizing radiation produces hydrogen atoms, hydrated electrons, hydrogen peroxide, hydroxyl radicals and their byproducts. The determination methods for hydroxyl radicals are potentially applicable as a chemical dosimeter for determining the intensity of ionizing radiation. The basic idea of the chemical dosimeters using aqueous benzene solutions was proposed in 1962. 15 A large number of studies dealing with reactions between benzene and radiochemically formed hydroxyl radical in aqueous media have been reported, [16] [17] [18] but the benzene-water dosimeters are not as familiar as chemical dosimeters, and the characteristic features of the method are not clear. The purpose of the present work was to reevaluate the performance of the benzene probe method for a chemical dosimetry system. In this study, a simple and sensitive isocratic fluorometric HPLC system was utilized to improve the sensitivity of the chemical dosimetry system based on the formation of phenol. The effects of coexisting salts and solvents were analyzed by a quenching reaction of the hydroxyl radical by coexistences.
Experimental

Reagents
All of the chemicals and solvents used were of reagent grade or HPLC grade, and used without further purification. The deionized water was from a Milli-Q Plus (Millipore, Tokyo, Japan) water-purification system of specific resistance greater than 18 × 10 6 Ω cm.
Procedures and γ-ray irradiation A 2 mM solution of benzene in Milli-Q water was irradiated using 60 Co γ-rays in an umber glass screw vial. All of the γ-ray irradiation was carried out at the 60 Co γ-ray irradiation source of the Faculty of Engineering, Hiroshima University. This 370-TBq 60 Co γ-ray irradiation source was installed in 1985, and the source was changed in 1990 and 1997. Detailed information on the 60 Co source system used has been reported by Murataka et al. 19 The initial dose rate, determined with an alanine dosimeter by the Japan Radioisotope Association on April 1, 1997, was 3.31 × 10 4 R h -1 at 60 cm from the center of the source and 15 cm height from the irradiation table. A chemical dosimetry system based on the radiochemical formation of phenol from aqueous benzene solutions was applied to measure the intensity of γ-ray irradiation. Using a simple and sensitive isocratic fluorometric HPLC system, radiochemically generated phenol was determined. The radiochemical formation of phenol was linear up to 100 Gy and the lower limit of detection calculated from the detection limits of phenol was estimated to be 7 mGy. The phenol formation rates were not affected by the oxygen saturation. The chemical dosimetry system investigated in this study was sensitive and was easier to use than traditional chemical dosimeters. . In this paper, the intensities of radiation doses are given as the absorbed dose in water. Irradiation was conducted at room temperature, at distances of 20 to 180 cm from the center of the source and a height of 15 cm from the irradiation table. No changes in the solution temperature during γ-ray irradiation were observed.
Hydroxyl radicals formed by the γ-ray irradiation were trapped by benzene, and phenol was formed. The resulting phenol concentration was determined by using the isocratic HPLC system described below.
Phenol determination
Phenol concentrations were determined using an isocratic HPLC system equipped with a fluorescence detector. The fluorescence detector was operated at 270 nm for excitation and 300 nm for emission. An ODS column (Kanto Kagaku, RP-18GP, 5 μm, 4.6 mm i.d. × 150 mm length) and acetonitrilewater (50:50 (v/v)) mobile phase at a flow rate of 1.2 mL min -1 were used. A 100-μL sample loop was used with a Rheodyne sample-injection valve. The detection limit of phenol, defined as the equivalent concentration of three-times the standard deviation of five measurements of a 10 nM standard solution, was less than 1 nM.
Results and Discussion
System validation
The relationship between phenol formation and the benzene concentration is shown in Fig. 1 . The phenol formation increased with increasing benzene concentration, and then reached a constant at 0.5 mM. Thus, 2 mM benzene was used in this study.
As shown in Fig. 2 , the amount of radiochemically generated phenol increased linearly with the total dose in water. Up to 100 Gy, no saturation was observed. The yield of phenol was 0.13 μM Gy -1 (μmol J -1 ). The lower limit of detection for the radiation intensity, calculated from the detection limits of phenol for the system used in this study, was estimated to be 7 mGy.
The stabilities of irradiated and un-irradiated benzene solutions stored in the dark and at room temperature were studied. After irradiation of the benzene solutions, the phenol concentrations were essentially unchanged for up to at least 23 days. The radiochemically generated phenol in a benzene solution stored for 30 days before irradiation also showed no significant changes, when compared with a freshly prepared benzene solution. However, the concentration in benzene stored for more than 30 days decreased to one-third to one-half of the initial concentration (2 mM). In this study, umber glass screw vials with a polypropylene/polyethylene lining were used. The disappearance of benzene from the water phase during storage may indicate that benzene evaporating from the water phase is absorbed by the liner and/or escapes from the vial. Fortunately, since phenol formation was independent of the benzene concentration at more than 0.5 mM, as shown in Fig. 1 , storage for more than 30 days before irradiation did not affect the phenol formation. Glass ampoules sealed by melting may be better than screw vials for keeping benzene in solution.
Effects of coexisting gases
In Table 1 , the effects of oxygen and nitrous oxide (N2O) are shown. Phenol formations in air-saturated and oxygen-saturated solutions were essentially unchanged. In many papers on the radiochemical degradation of benzene, oxygen is reported to play an important role in phenol formation. The total doses used in these studies were more than 1000 Gy, which was one to four orders higher than those used in the present work, and phenol formation in these studies was non-linear. The oxygen concentration of air-saturated water at room temperature is 250 μM, and the total concentration of phenol formed in this study was less than 10 μM. The oxygen should therefore be enough to generate phenol quantitatively in this study. However, both radiochemically generated hydrated electrons and hydrogen atoms also rapidly react with O2 to generate O2 Benzene / mM Phenol / µM indicated that phenol was formed linearly up to 650 Gy, and then the formation rate decreased sharply above 650 Gy. 15 They attributed the decrease in the formation rate to the consumption of oxygen in the solution.
N2O reacts with hydrated electrons generated by water radiolysis to form hydroxyl radicals. The radiochemical yield of hydroxyl radicals in aqueous solution is enhanced by the presence of N2O.
N2O + eaq
-+ H2O → ·OH + N2 + OH -As shown in Table 1 , the amount of radiochemically formed phenol was increased 2.2-fold by N2O saturation. Since the experimental procedure for N2O saturation is problematic and complicated, aerated conditions were used in this study.
Effects of coexisting salts and solvents
In Table 2 , the effects of coexisting salts and solvents are summarized. Three salts and three solvents, which have the different reaction rate constants with the hydroxyl radical, were tested. The relative interference is defined as a ratio of phenol formation with and without coexisting salts and solvents. Concentration-dependent negative interferences were observed, except with sodium nitrate and sodium chloride. The magnitudes of the interferences are analyzed by the quenching of hydroxyl radicals by coexisting salts and solvents. In a benzene solution containing hydroxyl radical scavenger X (coexistence) and Y1, Y2,....YN (unidentified hydroxyl radical scavengers in the solution), the fraction of hydroxyl radicals that react with benzene is expressed as
where [OH] ss is the steady-state concentration of hydroxyl radicals, kbenzene is the reaction rate constant between benzene and hydroxyl radicals (kbenzene = 7.9 × 10 9 M -1 s -1 ), 20 kX and kYn are the reaction rate constants between hydroxyl radicals and X and Y1, Y2,....YN, respectively. The sum ∑kYn[Yn] of the scavenging rates by hydroxyl radical scavengers other than benzene and coexistence X was calculated to be 1. 
The theoretical interference by X can be predicted from F(benzene). The reaction rate constants between hydroxyl radicals and coexisting chemicals can be found in the NDRL/NIST Solution Kinetics Database on the Internet (http://kinetics.nist.gov/solution/). The reaction rate constants for chloride ions, determined by a radiochemical method, were reported to be 3 -4.3 × 10 9 M -1 s -1 . 21, 22 Arakaki et al., however, have pointed out that the reverse reaction between chloride ions and hydroxyl radicals is also fast. 23 They determined the experimental net reaction rate constant of chloride ions and hydroxyl radicals to be 2.7 × 10 7 M -1 s -1 using a photochemical steady-state method. Predicted interferences calculated using Eq. (2) are summarized in Table 2 . The predicted interferences are in good agreement with experimental results, indicating that the interferences by coexisting salts and solvents can be understood by the competitive reactions of benzene and coexistences with the hydroxyl radical.
Conclusion
A dosimetry system based on the radiochemical formation of phenol from aqueous benzene solutions seems to be a useful method for determining the intensity of γ-ray radiation at levels below 100 Gy. The stabilities before and after irradiation are good. Interference by coexisting salts and solvents is understood by a quenching reaction of hydroxyl radicals by coexistences. In this study, the oxygen concentration did not affect the phenol formation rate, although many previous reports have described the effects of oxygen on the radiochemical formation of phenol. Important differences between this study and previous studies are the total dose and dose rate. Under high-dose conditions, insufficient oxygen in the solution may result in an oxygen-concentration-dependent formation of phenol. However, under the low-dose conditions used in this study, the oxygen in aerated solutions should be sufficient to generate phenol quantitatively. The chemical dosimetry system investigated in this study is sensitive, compared with commonly used chemical dosimeters. The lower limit of dose detection, calculated from the detection limit of phenol, was estimated to be 7 mGy. The detection limit of phenol is the most important factor in defining the lower limit of dose detection in the present dosimetry system. The author and coworkers have reported an on-line preconcentration HPLC system with large sample-volume injection, in which the detection limit was about one-order smaller than that of regular injection systems. 4, 28 When more sophisticated instruments and preconcentration procedures (for example LC/MS/MS and GC/MS with solid-phase and liquid-liquid extraction) are used, lower total-dose limits can be obtained.
